ABSTRACT
The plasma membrane H+-ATPase is involved in the regulation of plant growth and development via controlling nutrient transport and the chemical potential of plant cells (for review see ref. 23) . Physiological studies have shown that ATPase activity is modulated by light, plant growth regulators, phytotoxins, and mechanical or thermal shock (for review see ref. 20) .
Plasma membrane ATPase activity is lipid dependent. Delipidation of the ATPase reduces the ATPase activity, and addition of lipids recovers the inhibition and increases the ATPase specific activity (6, 21) . While lipids are needed to maintain membrane bilayer structure, changes in membrane lipid composition also can affect enzyme conformation and aggregation state in the lipid bilayer. For example, changes in the relative distribution of individual membrane lipids have been shown to affect the Na+/K+-ATPase activity (14) . Ad Inositol phospholipids are of special interest because the enzymes that synthesize PIP and PIP2 (the inositol phospholipid kinases) and the vanadate-sensitive ATPase activity responded rapidly (within 10 s) to stimuli (light, osmotic stress, and cell wall degrading enzymes) in two different plant systems (1, 2, 12) , and there was a positive correlation in the response of both enzymes. These data suggested that an increase in the inositol phospholipids might result in an increase in the ATPase activity.
Neomycin, a positively charged aminoglycoside, can form electroneutral complexes with PIP and PIP2 (4, 9, 18) and thereby block the binding of PIP and PIP2 to the solubilized enzyme (8) . Ifthe effect ofthe inositol phospholipids is caused by interaction of the negatively charged, inositol phosphate head groups with the ATPase, then adding neomycin should decrease the effect of the lipids. In this paper we show that the ATPase activity of isolated plasma membrane vesicles is affected by exogenously added PIP and PIP2 in a neomycinsensitive manner.
MATERIALS AND METHODS

Plant Material
Wild carrot (Daucus carota) cells grown in suspension culture were transferred weekly as previously described (1 conditioned medium in a 25 mL Erlenmeyer flask, and placed on a shaker for 10 min at 110 rpm at a concentration of 0.1 g fresh weight/mL. For sorbitol and Driselase treatments, the cells were treated as described by Chen and Boss (1) . The plasma membranes were isolated by aqueous two-phase partitioning as previously described (25) . Protein was determined by the method of Lowry with BSA as a standard (10 (Fig. 2) . Neomycin Reduces the Effect of Exogenous Polyphosphoinositides on Plasma Membrane ATPase Activity PIP and PIP2 are very negatively charged lipids. To determine whether or not the negatively charged inositol phosphate groups were involved in the increase in the ATPase activity, neomycin, a positively charged aminoglycoside which selectively binds PIP and PIP2 at concentrations of 100 ,uM or less (18), was added. Neomycin (100 Mm) decreased the effect of PIP and PIP2 on the ATPase activity (Fig. 3) . Although neomycin did not totally eliminate the effect of PIP and PIP2, the ATPase activity of the PIP-treated membranes could be reduced 30% more by increasing neomycin concentration from 100 AM to 1 mm (data not shown). Neomycin did not significantly alter the effect of PI on the ATPase activity. The slight decrease seen when neomycin was added to PC-treated membranes may result from PC making the endogenous PIP or PIP2 more available for neomycin binding because neomycin does not bind to PC (4) .
To determine if the decrease in the ATPase activity by neomycin was caused by nonspecific interaction with components in the plasma membrane, neomycin was added to the plasma membrane in the absence of exogenously added lipids. The ATPase activity in the plasma membranes from either sorbitol-treated cells, or from Driselase (a mixture of cell wall degrading enzymes in sorbitol)-treated cells did not change when 100 ,M (Table I) or up to 1 mm (data not shown) neomycin was added. In addition, neomycin was found not to inhibit the phosphorylation of endogenous PI and PIP (data not shown). 
DISCUSSION
Phospholipids have been shown to be essential in maintaining and regulating ATPase activity (1, 6, 8, 11, (15) (16) (17) 21 ).
With carrot cell plasma membranes, 40 ,M PIP and PIP2 had the maximal effect on the vanadate-sensitive ATPase activity. The increase in plasma membrane ATPase activity caused by the addition of PIP and PIP2 but not PI could be reduced by addition of 100 ,uM neomycin. The increase in Pi measured was not caused by dephosphorylation of PIP or PIP2 because (a) increasing PIP and PIP2 beyond 40 uM did not increase the Pi recovered; (b) the PIP and PIP2 (10 nmol) were only a small fraction of the organic phosphate added; and (c) there is very little inositol phospholipid degradation in isolated plasma membranes of higher plants or algae (1, 3, 22) .
The effect of inositol phospholipids on the relative ATPase activity varied somewhat with the cell culture (cf. Figs. 1 (4) showed that 10-6 M neomycin would bind >50% of the PIP2 in artificial bilayers or monolayers consisting of 17 mole% PIP2 in PC, and yet anywhere from 10-5 to l0-3 M neomycin was required to perturb that turnover of PIP2 in animal cells.
They attributed the need for the higher concentration in the natural system to the fact that the lipids preferentially bound to membrane proteins and were not accessible to the neomycin. PI and PIP have been shown to be associated tightly with membrane proteins, such as the Ca2+-ATPase of muscle sarcoplasmic reticulum (19) and the acetylcholine receptor of Torpedo californica electric organ (7) . With the carrot membranes, increasing the neomycin concentration to 1 mM did decrease the response to PIP by 30% relative to that observed with 100 gM neomycin treatment suggesting that neomycin binding of the exogenous lipids was not complete at these concentrations.
Lipsky and Lietman (8) found that neomycin could inhibit more than 90% of the activity of partially purified canine renal ATPase, but only if the neomycin was added prior to PIP and PIP2. If the inositol phospholipids were added first, neomycin had no effect, suggesting that the inositol phospholipids preferentially bound to the ATPase. A similar situation appears to occur with the isolated carrot membranes. With membranes from either Driselase-stimulated or -unstimulated cells, 1 mM neomycin did not affect endogenous ATPase activity. Thus, either the endogenous levels of PIP and PIP2 do not affect the ATPase activity or PIP and PIP2 present in the membrane preferentially bind to the membrane ATPase as was found with the solubilized enzyme. Preferential binding of PIP to plasma membrane proteins is suggested by the fact that neomycin did not inhibit phosphorylation of endogenous PIP to PIP2.
Schafer et al. (19) demonstrated that PIP regulated the Ca2+-ATPase of muscle sarcoplasmic reticulum and proposed that PIP2 did not serve as a source of second messengers in this system because the membranes did not synthesize appreciable PIP2. The carrot cells also produced very little PIP2 in the in vitro phosphorylation assay without exogenously added substrate (1, 2) , and less than 0.5% of the [3H]inositol-labeled lipid was PIP2 even in stimulated cells (1) . Since exogenously added PIP gave the largest and most consistent response with the carrot cells, PIP rather than PIP2 may be the key regulator in this system as well.
In summary, we have shown that inositol phospholipids can serve as regulators of plasma membrane ATPase in culture carrot cells. The effects of inositol phospholipids on the ATPase may be caused by the structure of the inositol phosphate head group and its negative charge, and even though PIP is a relatively minor component of plasma membrane, a small increase in localized lipid concentration near the ATPase may have a dramatic effect on the ATPase.
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